We present a cavity piezo-optomechanical system where microwave and optical degrees of freedom are coupled through an ultra-high frequency mechanical resonator. By utilizing the coherence among the three interacting modes, we demonstrate optical amplification, coherent absorption and a more general asymmetric Fano resonance. The strong piezoelectric drive further allows access to the large-amplitude-induced optomechanical nonlinearity, with which optical transparency at higher harmonics through multi-phonon scattering is demonstrated.
shows the transmission spectrum of an optical resonance, which has a doubledip feature due to mode-splitting of the originally degenerate clockwise and counter-clockwise modes [25] . The resonance on the shorter (longer) wavelength side has a cavity dissipation rate of κ/2π = 1.02 GHz (0.931 GHz). At room temperature and under atmospheric pressure, we characterize the mechanical resonances by actuating the device piezoelectrically.
The measured power spectra are plotted in Fig. 1 (c) . The first three mechanical radialcontour modes are observed at 779.6 MHz, 2.040 GHz, and 3.235 GHz, which agrees well with the results of finite element simulation. The simulated normalized radial displacement profiles of the three modes are shown in the corresponding insets. The phonon dissipation rates of the three modes are measured as γ/2π = 202 kHz, 1.25 MHz, and 961 kHz. The measured displacement shift due to piezoelectric actuation is dR/dV dc = 4.5 fm/V, which agrees with numerical simulation result. The actuation efficiency is relatively small compared to other demonstrated system [16] because of the larger electrode separation used.
The piezoelectric effect in AlN naturally couples the microwave mode to the mechanical mode by introducing an eletro-mechanical coupling energy given by
where S, e ↔ and E are the strain field, piezoelectric coupling matrix and electric field. Unlike the capacitive force used in many electro-mechanical systems (see e.g. Refs. [5, 8] ), the piezoelectric force depends on the electric field linearly instead of quadratically [16] . The whole system can be described by the Hamiltonian We study the dynamics of the system using the measurement setup shown in Fig. 1 (d). Light from a tunable laser diode (TLD), used as the control light, is sent to the device through an electro-optical modulator (EOM), which creates sidebands to act as the probe light. A fiber polarization controller (FPC) is used to adjust the laser polarization. In the electrical path, the microwave signal with adjustable amplitude and phase is sent to the device through a transmission line. For the study of higher-harmonic interference, a frequency divider with dividing factor N is applied to the microwave signal, which causes the microwave frequency Ω e to be N times less than the control-probe offset frequency, i.e., Ω e = |Ω c − Ω p |/N . For now we first consider N = 1. The optical signal coming out from the device is amplified by an erbium-doped fiber preamplifier (EDFA), filtered by an optical bandpass filter (OBF) and then collected by a photodetector (PD). A wavelength meter is used to calibrate the laser wavelength and a PID feedback control is used to stabilize the laser intensity.
We blue-detune the control light with respect to the optical resonance on the shorter wavelength side by a frequency of the third mechanical mode. This mode has a frequency Ω m > κ and so satisfies the resolved-sideband condition. When the probe light is swept across the optical resonance, the presence of the control light and the microwave actuation opens a transparency window in the originally absorptive region. The transmission coefficient of the probe light can be derived from the Hamiltonian in Eq.
(1) using input-output formalism. If the force exerting on the mechanical mode is assumed to be dominated by the piezoelectric force, it can be shown that the probe transmission coefficient T = s p,out /s p,in is given by
where |c| and ϕ are the amplitude and phase of the microwave mode. The first term is the transmission coefficient of the probe in the absence of the control light or the microwave input. Its absolute-squared value gives the typical inverted Lorentzian shape representing the absorption due to the optical resonance. The second term is the interference term which gives rise to the transparency window. When these two terms interfere constructively, increasing the microwave amplitude or the control-to-probe ratio will raise the magnitude of the second term, which will compensate the loss described in the first term, and even amplify the probe signal with an overall gain higher than 1. Fig. 2 (a) destructively, which causes the originally absorptive region to become even more absorptive.
As shown in Fig. 2 (b) , absorption extinction down to 30 dB is achieved while the original cavity absorption extinction is about 3 dB. In this case, the two resonance circles align in opposite direction, as shown in the complex plot in the upper-right inset. At large n m /n p the resonance circle goes beyond the origin causing the group-delay of the probe light to change from negative (advanced light) to positive (slowed light). Slowed light with delay of 0.76 µs and transmission of 20% is achieved in room temperature.
Besides setting the phase of the microwave mode ϕ to 0 or π, ϕ can be tuned continuously from 0 to 2π causing the two resonance circles to rotate with respect to each other, as shown in Fig. 2 (c) . As a result, the probe transmission becomes neither a peak nor a dip but a more general asymmetric Fano shape. A contour plot of the probe transmission as a function of |Ω c − Ω p | and ϕ is shown in Fig. 2 (d) , and its cross-sectional plots at different ϕ are shown in Fig. 2 (e) . With the control of the microwave phase, we are able to tune the Fano resonance through the whole phase-space. Asymmetric Fano resonance is widely observed in many branches of physics (See e.g. Refs. [26, 27] ), and is also studied recently in the context of optomechanical systems [28] . It is a manifestation of interference between a continuum and a discrete excitation modes [29] . Here, the broader optical resonance takes the role of the continuum mode. the Hamiltonian in Eq. (1) becomeŝ
When the control light is blue-detuned at ∆ c = N Ω m , using rotating wave approximation
we can obtain the higher order interaction term proportional to ( gom Ωm ) Nâ †b †N + h.c., which describes the multi-phonon process as illustrated in the schematic in Fig. 3 (a) . This nonlinear interaction term in the Hamiltonian is the key for generating nonclassical states and it leads to high harmonic OMIT in optomechanical systems [32, 33] . Such high-order interaction may also lead to coherent multi-boson generation, which can be used to dynamically stabilize the protected cat-qubit encoding [34] . However, the prefactor (g om /Ω m ) N is rapidly decaying with N unless the system is close to the single-photon strong-coupling regime with
, which is out of reach with the current state-of-the-art. A detail analysis for the case N = 2 shows that the effect is observable when g om is within a small fraction of Ω m and κ [32, 33] . However higher order interaction with N > 2 is still inaccessible. and ∆/Ω as the fitting parameters. From the fitting, it can be deduced thatx = 1.71 is reached in the strong-drive data.
To demonstrate optical transparency at higher harmonics using this nonlinear effect, we insert a frequency divider to the microwave path (See Fig. 1 (d) ) so that the frequency offset between the probe and control |Ω p − Ω c | is N times the microwave frequency. The detuning of the control laser is fixed at ∆ c = N Ω m . Using the Bessel function expansion as described above, it can be shown that the probe transmission coefficient is given by
The first term is the probe transmission in the absence of the control light. The interference caused by the second term due to the multi-phonon process opens a transparency window at N -th harmonic frequency away from the control light. In this measurement we use the first and the second mechanical modes which have lower spring constants and so can be driven into larger amplitude. Fig. 3 (d) shows the high-harmonic optical transparency at various ∆ c and frequency dividing factor N . For the second mechanical mode, transparency window can be observed at the second harmonic frequency (2f m2 = 4.08GHz), while for the first mechanical mode, transmission transparency at frequency up to eighth harmonics (8f m1 = 6.24GHz) can be observed. This demonstration shows that the coherent microwave drive is a useful tool for studying the nonlinear effect in optomechanical systems. Investigation of the quantum aspect of the effect will be an interesting topic for further study.
In conclusion, we develop a hybrid opto-electro-mechanical system in which the microwave and optical modes are coupled to a common mechanical mode. We demonstrate coherent absorption and amplification, and the more general asymmetric Fano resonance. Using the strong piezoelectric drive, we operate the mechanical mode in large amplitude where high-harmonic transmission transparency through multi-phonon scattering is demonstrated.
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